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Preface

Turbulence is a most interestin3 natural ohenomenon.

Matnematical solutions are difficult to handle, even with

computers, due to the closure oroblemc. Lxperimental

measurements of turbulence are difficult because they are r:Fc_

on statistical averages, wnicn re]jire lar.3e numbers of saTi

to be meaningful.

In this study, T nave tried tC taKe advantage ot tne

strides that have been made in comoact, efricient c.::)uter2 to

measure and analyze the quantities defining turbulent flo.

fiolds. rhese on-line comouters allow tne accumulation of data

mucn more raoidly and efficientli than ever nocsihlc before.

I wisn to tnanK my soonser, Dr. bicnarb 2. t ivir, of t; .(

Air e'orco .rilnt Aeronautical Laboratory for all !.is suort. I

also wisn to thank my tnesis advisors, Dr. ziarolj L.

ur. James L. :iitchcocK, and !:aj. f:artin .1. .allace, for

continuing supoort and gidanza. ':r. 4illiam iaKer ana .r.

riarold Cannon oroviled valuable assistance in setting uo

laboratory equipment. Also, I want to thanK ,1aj. Jomn vonaL,,;

for all his help in mastering the intricacies of not wires.

Finally, I would like to thank reresa, Brandon, and varilyn for

letting me soend so much time away from home to comolete this

project.

Michael J. Kirchner
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Abstract

Methods and results oi an experirental stuoy of turrulen,

parameters for a piane free jet at niqn suhscnic velociticz,

using hot wire anemometer siinals outoutin directly tG an

on-line comouter controlled data acqluistion systc7 jre

reported. The apparatus studied hau a nozzle exit, 1 x lo c:.,

designed for two-dimensional flow.

Iwo measurement planes at 25 and 5U jet wijtns ,ownstra-

were chosen to orovide measurements to ccmm-are wit . exsistinr

aata for the facility. Nozzle exit velocities of :=J.4 anci

:4=0.6 were cnosen for tne same reason.

The techniques for emnloyin) hot wire anemoetry coumiew

witn a computer controlled data acquisition syste7 are

described. A ccmoarison of data obtaineu with the ccmmuter i

made to data oreviously obtaineu by more traditional methods. A,

ccmparison of linearized and non-linearized anemometer outmut

is made. A new calibration technique, also utilizini the data

aquisition system to greatly decrease the sensor calibration

time, was also developed.

The turbulence parameters comoared are mcan velocity,

turbulence intensities, micro-scale, and integral scale of

turbulence. The computer determined parameters compared

favorably in all cases with the already available data.

ix



C2Y1?UTEL ASSISTED VELCI 'Y

AND rURL3ULE:CE MLASU P[,'ML!I'S IN' A PLA:IL

FREE JET AT H1I1H SU3SQNIC VLL'JCII'ILS

I. Introduction

Measurement or the parameters which characterize turbulc<r.t

flows has always been a time-consuming task, due to the lar.;-

amounts of data required to get statisically -eaninlful

results. Since turbulence is a universal ohencmenon, crecnt

in the flow of every viscous fluid, determination cf tlt2cc.

turbulence parameters in a near real-time manner is e sential

to increased understanding or the benavior of turnulent flcw:.

6acKground

ine aooroach to tnis research was to develo.c nrocceure:

for direct com:uter determination of turbulence nara-cters,

usin] an establisned free jet facility to generate tne flow

fieia of interest, and constant temperature hct wire and hot

film anemometry for taking measurements. Tne flow of the free

jet chosen is classical in nature, and is commarafle tc free

jets already documented (Ref. 1:7 and 8:7). Its flow fieli ras

been thoroughly investigated oreviously with the usc o !sot

wire anemometers by Shepard (Ref. 10). The comouter software

and interface equipment develoned are a beginning to the

continued investigation into any turbulent flow using a

computer controlled data acquisition system to take

measurements throughout tne flow field.
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Objectives

This research has four major objectives.

1. Update sensor calibration techniques for sinqle and

X-wire hot film and hot wire sensors through the use of

a computer controlled data acquisition system.

2. Develop computer software and related hardware

interface equipment to enable processing of data

directly from hot wire and hot film sensors throuqh the

data acquisition system.

3. Compare the results of turbulence parameters computed

using the non-linear, or bridge, output of the

anemometer with results comouted using analog

linearized output.

4. As a result of efficient anplication of the first two

objectives, reduce the run time required for sensor

calibration and data acquisition, hence reducing tne

risk of sensor breakage and aging.

This report is divided into six major areas. First is a

description ot the apparatus used to generate the flow field,

followed by a description of the instrumentation, including the

automatic data acquisition system, used to take measurements.

The next section outlines the procedures used to take and

analyze the data. The fourth section is a discussion of tnc

results, while the final two sections present conclusions anJ

recommendations.
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II. Test Apoaratus

The two-dimensional flow field of interest was generated

by a I x 10 cm free jet issuing into still air. A flow field

schematic is illustrated in Fig. 1, showing the olanes of

primary interest for measurements, and the coordinate system

used. At the nozzle exit plane, the issuing jet has a too hat

velocity and temperature nrofile, both spatially and in ti-e,

to within 1/2% (Ref. 10:3), well within the electronic noise

level of the instrumentation. Nozzle exit velocities of :.ach

0.4 and 0.6 at test planes of 25 and 50 jet widths (25 and 50

cm) downstream were chosen to orovide a range of data, and to

compare with previously qathered data (Pef. 10). At 25 cm,

similarity has not yet been comoletely established, while by 5 ,

cm, similarity has been freely establisheJ. Also, at 25 cm the

turbulence is not yet isotrooic, while the 50 cm test olane is

well within the isotropic region. Exit velocities of 137 mcns

and 198 mps were used as representing MIach 0.4 and 'lach 0.6.

Parameters of Interest

The parameters used to describe turbulent flow fielfIs arc

generally standard, and are the same as used by Sherard (Pef.

10). 'hey include mean velocity, turbulence intensity, the

microscales of turbulence, and the integral scales. Symbols and

definitions are contained in Table I. For this study, the air

flow was assumed to be an ideal gas, and nozzle exit velocities

were computed assuming comoressible flow.

3
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jable I

Selected Parameters Used to Characterize th~e Flow il~

Symbol Descr iption

Ui Aean streamwise velocity in. X direction

V Aean velocity in Y' direction (width)

-lean velocity in z direction (hoii.flt)

u Fluctuating velocity in X direction

v FluctuatinA velocity in Y' direction

w Fluctuatinq velocity in Z Cirection

u /J- x oirection ccrmoonent of turoulence intensitv

V A) Y directiu)n comroonent of turbulence inten~itv

w Z direction conmoonent of turtbulencE-: ifltefsitj,

iii-me rricrozcale of turbulen~ce

AL Soatial microscale

At dime intergal scale of turl.-uicnce

AL So)atial intelral scale



Experimental Apparatus

The free jet used in this study was designed to be used

for a broad ranqe of research conditions. Therefore, many of

its design features were not utilized here. Fiqure 2 is a

cross-section schematic of the free jet facility.

The current limit on the amount of comoressed air readily

available limited the flow to velocities of aooroximately

Mach=0.6. However, this was considered sufficient to validate

techniques and procedures, and to orovide enouqh data for

comparisons. The flow was established by use of a 27 cm

diameter calming chamber, 2.13 m in lenqth. A renlaceahle

paper filter system was located 1 m downstream of the inlet tc

the calming chamber. This filter removed foreign oarticles from

the flow, helping to alleviate some of the problem of sensor

breakage. A multi-layered steel mesh orovided suonort for the

filter.

The nozzle has an area contraction ratio of 50:1, which

insures an extremely low turbulence flow and a very thin

boundary layer at the nozzle exit plane. The 1 x 10 cm nozzle

achieves two-dimensional flow over the range of interest, with

V<U and W<<U, where U is the local streamwise mean flow

velocity, in the X axis direction, V is the velocity in the Y

direction, and w is in the Z axis direction. The measurements

of parameters of interest were taken alonq the X axis, and

parallel to the Y axis at the 25 and 50 cm locations.

6
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III. Instrumentation

A Hewlett-Packard (HP) 3052A Automatic Data Acquisition

System was used to read and process electronic siqnals from a

Thermo-systems, Inc. (TSI) anemometer system utilizing hot wire

and hot film sensors, and their associated equipment. Fiqure 3

is a schematic showing the instrumentation setuo, and also a

flow diagram of how the sensor signals are orocessed.

Data Acquisition System

The HP 3052A Data Acquisition System consists of a 9845B

Progammable Desktoo Comrouter/Controller,a 3495A Scanner,a 3455A

Digital Voltmeter (DVM), two 9885 Flexible Disk Drives, and a

9872S Graohics Plotter. A 3437A System Voltmeter is also

installed as part of the system, but was not used in this

study.

Computer

The 98453 is a desktop computer system desiqned with a

built-in cathode ray tube display, thermal orinter, two taoe

drives, and an extended keyboard (Ref. 6:3-6). The cathode ray

tube, or CRT, display is the orimary means of communicatinq

with the computer, and is used to edit programs, view data or

graphical information, and to disolay error messages. An eighty

character thermal line printer for hard copy output of any CRT

display is built into the front of the computer. Also in the

front of the comouter are two maqnetic cassette cartridqe taoe

drives, used to store programs and data for use in the

8
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computer. Each cassette tape can hold up to 216,832 bytes of

information. The computer is equioped with a Graohics Read Only

Memory, or ROM, allowing program execution of plotting

commands, an 1/0 ROM, which expands the computer's capability

for execution of input and output functions, and a Mass Storage

ROM, which permits the use of the flexible disk drive system.

The main working area of the computer is a tctal of 318,026

bytes of read/write, or Random Access, Memory (RAM).

Flexible Disk Drives

Two flexible disk drives are connected to the ccmputer to

expand program and data storage capabilities. One of the disk

drives is a Master unit, the other a Slave. Each unit operates

independently of the other in storage and retrieval of data.

Each flexible disk used with the disk drive can store up to

499,200 bytes of information. The disk drives are an average of

25 times faster in ooeration than the computer's internal tao2

drives, and the flexible disks themselves are generally less

suseptible to wear than are the cassette tapes.

Plotter

The plotter can produce four color graohical output,

either interactively, or under program control.

Digital Voltmeter

As a part of the data acquisition system, the digital

voltmeter makes AC voltage measurements with five digit

resolution, and DC voltage measurements with either five or six

digit resolution, as programmed by the user. The voltmeter

employs an automatic calibration (AUTO CAL) feature which

10



automatically corrects for possible gain and offset errors in

the analog circuitry to provide maximum accuracy. In the DC

modes employed in this study, the voltmeter readinq is accurate

to within .01%, with a maximum reading rate of 24 readings mer

second. In the AC mode, voltaqe accuracy is within .2%, with a

reading rate of 1.3 readings per second (Pef. 4:2-4).

Scanner

For this study, the scanner was confiqured with a 20

Channel Low Thermal relay assembly. This is a 20-to-l

multiplexer, allowinq 20 siqnals (up to 42 volts maximum) to be

monitered by one measurement instrument, in this case, the

digital voltmeter. Signals are multiolexed to the common

terminals one-at-a-time in a break-before-make sequence. r1,ith

switching time between channels of 1 msec maximum, the scann'r

is capable of switching soeels uo to 1000 channels oer secon,,

far faster than the voltmeter is caoable of readinq (Pef. 5:2).

Anemometers and Linearizers

Two TSI Model 1050 anemometers orocessed signals from tne

hot film ana hot wire sensors during calibration and datD

collection. The anemometers were operated in the constant

temoerature mode, with electrical circuits ootimizej for

maximum frequency response. Output from the anemometers

consisted of a DC voltage, corresoondinj to mean velocity, an]

an AC voltage, corresponding to fluctuatini velocity. TheFE?

voltages were then fed directly to the data acquisition system

as non-linear bridge output, and also to two TSI Model 1052

Analog Linearizers, which linearized the signals throuqhoit tI:c

11



velocity range of interest. These linearized signals were then

fed to the data acquisition system for processinq and

comparison with the non-linearized signals.

Sensors

Hot film sensors were selected for the majority of this

study because they were readily available, and] much sturlir

than the hot wire sensors available. As one of the objectives

of this study was to develop orocedures for the direct transfer

oa anemometer signals to the data acquisition system,

sturdiness was a highly desirable attribute. Phe sensors were

requirea to be exoosed to flow conditions for extenlel neriods

of time, both during calibration, and durini the collection of

data. Because of this the use of hot film sensors was

considered an acceptable trade-off with the better frequencv

response of the more fragile hot wire sensors. Single wire T§I

Model 1214-20 .002 in. diameter hot film sensors were used for

most of the measurements. These sensors were orientated witY

the sensor axis oarallel to the Z axis. A sinile wire TSI "odcel

1214-T1.5 .00015 in. diameter hot wire sensor was used as a

final check to comoare the differences in results due to its

increased frequency response.

Data for turbulence intensities in the Y ani Z olanes was

taken with a TSI Model 1241-10 .001 in. diameter X-fil- sensor.

This probe consists of two orthogonal film sensors seoerate by

.012 cm. Each sensor was connected to a senerate anemometer,

and the sensor signals were orocessed in both the linearizeJ

and non-linearized form by the comouter. Measurements of U, u',

12



V, and v' were made witn the sensor wires parallel to the X-Y

plane, while measurements of U, u', W, and w' were made with

the sensor wires Parallel to the X-Z olane.

Correlator

A HP Model 3721A Correlator was used to calculate the

autocorrelation function, needed to determine the integral

scales and microscales of turbulence. The two channel

caoability of the correlator was used to orocess the real-ti7-

linearized and non-linearized signals as near as oossihle to

each other in time. The autocorrelation functions calculate h-/

the correlator were oassed to the commuter for furthcr

processing through a lP ,olel 3720A Soectrum Disolav, and a

hardware interface box designei and built by >Ir. 3reqq ' of

tne Air Force Promoulsicn Laboratory. T'his interface ws:

necessary because the data transfer rate of the sm-ectru-

disolay unit is incomuatible witn the data acuizition svste-,

a common oroblem with instrumentation interconnection. The

comouter software to control the correlator an,, to transfer

data to the comouter was Jevelomed in conjuction with, ':r. Sre-i

libbs and 'Iaj. John Vonada (Ref. 14).

Voltmeters

Two Digitec M1odel 268 DC Millivoltmeters were used r urin1

calibration and data collection. One was used to moniter the

non-linearized bridge outout of the anemometer, tne other

monitered the linearized signal.

Two HP Model 3400A RIS voltmeters were used to moniter the

AC comoonent of the anemometer signals, which is orooortional

13



to fluctuating velocity. These voltmeters were used in tne sare

manner as described for the DC voltmeters.

Manometers

A 60 in. mercury manometer was used to measure the total

pressure in the calminq chamber of the free let. Two manometers

were used to measure calibrator calminj chamber pressure durini

sensor calibration. A 20 in. water micro-manometer was usei to

measure pressures from 0 to 2.5 in. of water. A 120 in. U-tuh:

water manometer was used to measure oressurez from 2.5 in. of

water uo to 115 in. of water, corresoondinq to a velocity of

approximately 650 ft per sec.

Cathotometer

A Gaertner Scientific Co. cathotometer was use€ durinc

data acquisition to oosition tne scnsors tc within .CI> in. cf

desired location in all three coorJinate directions.

Oscilloscope

A Ballantine Model 1066S Oscilloscosc was used in

maximizing the frequency resoonse of the anemometer circuits

during sensor calibration.

Transducers

Two Validyne Model DP15 transducers were used durino

sensor calibration to convert oressures into orccortional

voltaqes. A .5 osi transducer was used to measure pressures us

to 2.5 in. of water, or velocities uo to aonroximately 125 ft

per sec. Pressures above 2.5 in. of water were measured wits a

25 psi transducer. Two Validyne Model CD23 Power and Disslay

units were used to moniter the transcucer outout and tc csas

14



the transducer outout directly to the data acouisition svst@z.

Calibratcr

A PSI Model 1025 Calibrator wos used to calibrate both

single and X-wire not filt and hot wire senscrs throuohout tmc

velocity range of interest.

15



IV. Ex,)erimental Procedurc

Sensor Calibration

One cf the objectives of this study was tc sinnlify and

automate the time-consuming task of sensor calibration. General

calibration instructions are orovided by TSI (Pef. 12:2.2-2.q).

To accom;rlish this, sensors were calibrateci usinq tnle

calibrator, with the anemometer bridge cutout fed directly to

the data acquisition system. Pressures in the calibrator

stilling chamber were converted to voltages usini a .5 osi an,!

a 25 psi transducer, and these voltages were fed to tne lata

acqusition system. The comouter then calculated the velocity

using the comoressible flow equation for averaac velocity

U= (2*g*R*I'o* ( / ( -l) )* (1-(Pa/Po) (6-l) /6 ) .5 (1)

after converting transducer voltazies back to oressures.

Thiis voltage and velocity data was then used tc calculate the

fourth order coefficients to be set in the four ootentioreterF

on the I'SI 1052 Linearizers. The con-muter orccra- tc calculate

these coefficients was based on a BASIC oroaran orovi'2 h-v i-v

(Ref 13:42-54). These coefficients were set in the linearizer,

and the calibration was run again to check the accuracy of t'e

linearized outout. A least squares program was then used to

calculate a fourth order curve fittin the non-linear bridge

output, and a linear curve fitting the linearized outout. All

of the calibration data and the resultinq curve-fit

coefficients are stored on floory disk for future reference ani

16



for use during data manioulation. Storing and usinq the

coefficients of the curve saves both comnuter time and storage:

space when comrared to usinq a comouter-stcred table of the

calibration values.

X-wire sensors were calibrated in the same manner as

single wire sensors, exceot that tne wires were each orientate';

45 degrees to the mean streamwise velocity. Each wire was

calibrated individually, coefficients calculated, and data

stored in tne sane manner as the single wire sensors. Tynical

cutout from the sensor calibration orora is given in Anr:cnrix

A.

Control of 'est Conditions

Since the nozzle exit velocities under consi-leration in

this study were well witnin the comoressihle flow reaime,

Equation 1 was used to determine the oressure renuired in the

free jet calming chamner to oroviJe the required velocity.

Velocity in the calming chamber itself was neqliqible, so tihat

chamber temnerature and oressure reoresented total conditions.

Constant oressure in the calminq chamber was maintained by

adjusting the comoressed air bv-oass, which was vented] to the

atmosohere, until steady flow was obtained at the desirei

pressure, with the comoressor running continuously.

Measurement Technigues

The sensor orobe sumoort was attached to the three

dimensional traversing mechanism of the cathotometer. The

nozzle centerline and test olanes had been orevi-usly set by

Plumb bob and tneodolite, and were referenced to the

17



V

cathotometer. Each time the probe was mounted on the traversinq

mechanism, it was referenced to the centerline of the nozzle.

Measurement points were determined, in general by attemotinq to

cover the same range investigated by Sheoard. To reduce the

possibility of flow effects from the orobe suooorts and to

reduce vibration, the sensors were mounted on a 90 deqree elbow

facing the streamwise flow direction.

As the orimary objective of this study was to evaluate the

feasibility and suitability of using the data acquisition

system to process anemometer data, the sturdier hot film

sensors were used in olace of the more fraqile hot wire sensors

for the majority of measurements. Hot wire sensors were used to

take measurements at the 25 cm and 50 cm test olanes at M=0.4

for comoarison purposes. Attemots to obtain hot wire data at

M=0.6 met with failure, as the sensors were immediately

destroyed uoon insertion into the flow field. The sinqle wire

sensors were used to measure the velocities, obtain turbulence

intensities, the microscale, and the inteqral scale of

turbulence. The X-wire sensors were used to calculate the

turbulence intensity comoonents in the X, Y, and Z directions.

Measurements of Velocities and Turbulence Intensities

Voltages needed to calculate velocities and turbulence

intensities at each measurement station were inout directly to

the computer through the scanner and the digital voltmeter of

the data acquisition system. When using single wire sensors,

one scanner channel was connected directly to the anemometer

bridge output, while a second channel was dedicated to the

18



linearizer output. At each data Point, the computer controller

directed sequential access to each channel, first reading DC

voltage, followed by the RMS voltage for each channel. For the

X-wire sensors, four scanner channels were used, one for each

bridge output and one for each linearizer output. The DC and

RMS voltages for each output channel at each data rooint were

stored on floppy disk for subsequent manioulation and for

permanent storage. DC voltages were converted to mean

velocities by the computer, using the stored sensor calibration

curve, and non-dimensionalized by the centerline velocity,

Ucen. RMS voltages were converted to fluctuating velocities by

evaluating the slope of the calibration curve at the

corresponding DC voltage and multiplying by the R'13 voltage

(Ref 15:142). Turbulence intensities were then determine by

dividing the fluctuating velocities by Ucen.

Calculation of Microscale and Integral Scale

The microscale and integral scale of turbulence were

determined from the autocorrelation function calculated by tne

correlator. In this study, both correlator channels were used.

The linearized anemometer signal was fed to one channel, while

the bridge output went to the other channel. The linearized

signal was evaluated first, through variation of the time

scale, to obtain a correlation function suitable for

calculating micro and integral scales. This curve was then

transfered to the computer and stored. The second correlator

channel, the bridge output, was then manually selected and

processed in the same way. This method kept the evaluation of
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the two signals as close together as possible.

The time microscale is the average time for the smallest

eddies to pass the sensor. The time microscale was determined

by fitting an osculatory parabola to the first oortion of the

autocorrelation curve as outlined by Hinze (Ref 7:34-42) and

Freathy (Ref 3:22-24). The microscale is then found from

t = T/(l-R(T)/R(0)) ^.5 = T/.316 (2)

wnere R(0) is the value of the autocorrelation curve at time

zero, R(T) is defined as .9 of R(0), and T represents the time

corresponding to R(T) on the time axis.

To transform from the time domain to the soatial domain,

Taylor's hypothesis

-- =-- (3)at ax

was utilized to determine an aoproximation of the physical

size of the eddies. The soatial microscale is oresentedi only to

show trends, fully recognizing the limitations of raylor's

hypothesis (Ref 7:30,40-42).

The time integral scale is defined as the area under the

autocorrelation curve to the point where it first crosses the

abscissa. The time integral scale is the longest time scale of

the turbulent fluctuations. The area under the autocorrelation

curve was numerically evaluated by the comouter usinq Simoson's

rule. Taylor's hypothesis was aqain invokei to obtain a spatial
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integral scale. The soatial integral scale is an anoroximation

of the size of the largest eddies in the flow (Ref 2:39).

21



V. Results and Discussion of Results

Primary measurements were made at 25 cm and 50 cm

downstream of the nozzle exit. These test planes were chosen in

order to comoare data taken with the automatic data acquisitior:

system to that previously obtained throuqh other methods. Data

was collected employing both hot film and hot wire sensors

across the flow field. Results are nresented for only hall of

the jet width out the Y axis, as the flow field is symmetrical,

and this is the manner chosen by Sheoard to oresent his data.

All data collected in tnis study, and the computer oroqrams

used for data collection and manioulation, are maintainei on

flopoy disk in the Department of Aeronautical and Astronautical

Engineering, Air Force Institute of Technoloav, .riant-

Patterson Air Force Base, Ohio 45433.

Presentation of Results

The experimental results of this study are presented in

this section and in 7 ooendices A, E, and C. !n.endix A contain-

tyoical results from the sensor calibration crogram. Aonencix

contains comoarisons of data collected at a jet velocity of

m=0.4. Appendix C contains comoarisons of data collected at a

jet exit velocity of :=0.6.

Data for the graphs oresented in Anoendices L and C has

been nondimensionalized. Quantities on the ordinate were

divided by a velocity, normally the jet centerline velocitv.

Quantities on the abscissa were divided by the half widt] of

the jet, Yo. This method was chosen since it allows easier

comparison with the data previously oresented by Snr~carc3,
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aitnough the scalini itself results in some smoot-ini oi t,..

data. Also, tne lines drawn between data coints on the( jra- .

in Appendices L, and C are only to assist in followini the dJt..

set, and do not reorezent any actual values.

Calibration. The Drocedures and techniques develon- :, 3se:

emoloyed in this study yielded excellent results for all tvr.

of sensors across a broad ran~le of velocities. For this. stucv-,

the mean voecities in tne flow f icld ran-ie fro-' near ze-rc,

velocity to over 600) ft :Der secondi. 1Three oth'er stu,: -nts ria'vc

used and referenced tlie commouter oro-irar-,S and] techni -ucs

Jevelooea here to calibrate sensors. rwc of thesc wer-2

investigatinij flov fieliS of interrrci---iatc vclczitv, in t2:

range of 2JO to 45.) ft )er sccond. I hc t ir,- waZ an

investigation or mucl; slower velocitie:s, wit: x:-r

vcelocities less than 35 ft -ocr secon . In all cz 7cC, sncr

could be -cuicKly and accurately calibratQe:, %,it- the data

pocints used an.1 tho rosultini curv2 fit coe(fficie:nts;

im-mediatcly available fro: tne ccommuoter's internal. tn-cr7:i

orinter. Ficlures 11,12, an,! 13 of Anoen '.ix A oresent tmc*

results of the calibcration orodqra-.

One area of interest was note,! durin-~ tncs:cclirtn

runs. iThen attem--tinq to calib:rate at very/ low velocities:,

below acoroximately 10 ft ocr second, the .5 osi translucecr

used to measure pressures was not stable enouin to orovi'-Ie

good voltages to the data acquisition systern. This resulte.:. in

incorrect velocity calculations at those noints. It aooeare:

that the transducer may nave been reactinq as MUC!h to sib
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temoerature variations in the room, as to the very s!ail

pressures it was trying to measure. This rrolem could he

easily avoided by taking] the zero flow reference point as t ;c

first point in the calibration, then takinq the second readini

at a velocity slightly above 10 ft per second. This corres-nnc

to a transducer reading3 of aonroximately 0.1 volt, an: se.:n t:

be in a more stable ranqe for transducer oceration. After tio

second point, calibration points could be taken in anv hic!.er

ranje, and a smooth fourth order curve fit to them.

TSI recomrmends at least 20 calibration data ooints be

taken if the sensor circuits are to be linearized (Per. 12:1J),

and 20 points provided smooth accurate curves for the

non-linearized case as well, witnout the requireert for

4eigntinj data points. Equal voltaqe increments eiavc t:.c !c.-t

data coint soacing, keening in min. the above restriction on:

tne very low velocity ooints. In all cases, the sensor wan

required tc be excosed to the flow durini calibration for a

snorter period of time than was usually morirl: witn nrevioun

calibration technicues. Also, the sensor was available for

immediate use and feedback, without first havin- to resort to

laborious nand qrachin. of the calicration curve.

Data Acauisition. The data collected with the use of tnc

automatic data acquisition system, shows very close ccrrelaticr

with the data collected and presented by Sherard. 'urbulencc

intensity profiles calculated from the sinqle wire sensor data

were generally within aooroximately 3% of the profiles

presented by Shepard, and in all cases, confirmed the tren.--
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shown by Shenard. Typical results for turbulence intensity

orofiles are shown in Fils. 4, 13 an] 27 of Annendix B, an,; 3

and 45 of Aomendix C.

lime microscale oroiiles also follow Shenard's data very

closely, esoecially around tne center of the flow field. *'t

cm at M=0.4, this study found that the microscale tended' to

rise a little faster than oredicted bY Sheoard, as tne sersor

was moved across tne flow field, but tne trend still followed

S hear' 's data. i'he sa.e trend to a slightly faster rise in tn(

time microscale is also present at 50 cm. at ',1=0.4. ilowever, at

7=. 6, tne data from tuis study ooints to a saI-ler increase

tian Sueoarci's data indicates. 1he trends are indentical to

those nresented by 5neari, trough, in all cases. Since tnf-

microscalc is tihc measurerent most bcnenccnt o, scnscr

a iareter, the data obtained wit!i tne hot wire serscr is .ont

a-onlicable nere. Figure 21 shows the data for tne microscc] ? a:

:.:0.4 taKen at 25 cm witn the .00015 in. diameter 11.5 se.scr.

Again, the data follows Shepard's very closely at tne center c:

tne flow, but rises sligutly more raoidly as the senscr i.:

moved out from the center of the jet. ComareJ witi: t , (t

presented for tne rot film sensor, there is almost nc

difference between the microscale calculations. At 5) cT, t .

trends are the same, but nere the ooints calculateJ from tue

not wire data increase sliqhtly faster than do those moints

calculated from the hot film signals, indicating some increase"

frequency response. Closer to tne center of the flow field, hct

wire and hot film data agree almost exactly. ryoical out-ut for

25



"D 0.

U) >N.

- c
0V

-CL

LaL

I--

z Ij

'-

4**

m * +



the time microscale calculations are found in Figs. 5, 17, 21,

28 and 32 of Anoendix B, and 39 and 46 of Anoendix C.

Tne transformation frcrr time microscale to the spatial

microscale using Taylor's nyothosis yielded results very close

to those snown by Sheoard at 25 cm. Tymical results are siicwn

in Figs. 6, 18 and 22 of Apnendix B, and 40 of Anoendix C. At

50 cm, however, the data shows a tendency to start at lower

values in the center of tne flow, then to steadily rise nefore

starting to decrease as the sensor is movej out of the mixini

region. This tendency was noted for all runs. AlsC, tne soatial

microscale reached higher values than Shecard's data nad

nredicteu at the edge of tne mixino renion, and shcweiJ wider

variations after passing the edge of the mixinq region. Tycical

results for the spatial microscales are shown in rigs. 29 ani

33 of Aoenjix L, and 47 of Aopendix C. Very little add-litional

smoothing is indicated for the spatial scales corroared to th

data collected by Shecard. Some of the scatter here can be

attriouted to the use of Taylor's hyoothesis, with very small

numbers (the time microscales) being multiolied by relatively

larqe numbers (the velocities). This can cause maqnification of

small variations in either time or velocity.

Time intearal scale profiles are oresented in Fig. 7, 19,

23, 30, and 34 of Appendix B, and 41 and 48 of Aooendix C. At

25 cm, the data from this study matches Sheoard's data with

only very slight variations. At 50 cm, however, the integral

scales fall slightly below those presented by Shepard, and

level off at a somewhat lower value. Again, these results were
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consistent for all runs.

The transformation from time inteqral scale to spatial

integral scale also followed Shepard's data very closely at the

25 cm data plane. These results are shown on Fiq. 8, 20 and 24

of Appendix B, and 42 of Appendix C. At the 50 cm data olane

the results show a fairly rapid increase, followed by a fairly

rapid decrease after passing the edge of the mixinq region.

Shepard's data oredicts this kind of trend for M=0.4, but

indicates a much more gradual, almost constant integral scale

at M=0.6. Results at the 50 cm plane are found in Figs. 31 an]

35 of Appendix B, and 49 of Appendix C. Again, additional data

points show no tendency to increase the smoothness of the

curves.

Comoarison of Linearized and Non-linearized Signals. Fiqures 15

and 26 of Appendix B, and 37 and 44 of Apoendix C, show results

of mean velocity profiles calculated from both the bridge

output and the linearizer outout for the single wire sensors.

At 25 cm, the difference between ratios calculated from the

non-linearized outout varies only slightly from that s'iown by

the linearized signals. At 50 cm the variation is slightly

greater, but no real trends are indicate], with some linearize.,

values being lower than the non-linearized values at the same

point, and vice-versa.

Turbulence intensity profiles tend to show more variation

between the linearized calculations and the non-linear ones,

especially in the range of turbulence intensities above 10%.

This result is predicted by rSI (Ref. 11:3). The linearizce

31



*>

a~ 0E

U ..

SUE

- CL

U--

SI(U

CCC

(I)

IL

o fl

tk~(a
0C;

wo-Cu alo veHU

Id +532



calculations show much smoother tendencies, while the

non-linearized calculations show considerable fluctuation. This

trend is especially noticable in the turbulence intensities

plotted from signals from the X-wire sensors. These plots are

presented in Figs. 25 and 36 of Apoendix B, and 43 and 59 ot

Appendix C. Here, the linearized calculations present a

relatively smoothly decreasing curve, while the non-linear

effect is multiplied, resulting in a highly fluctuating curve

from the non-linearized signals.

Phe turbulence parameters calculated from. the correlator

data, the time microscale and the time integral scale, do not

snow this dependency on linearization. On both scales, the

linearized signals and the non-linearized signals lie very

close, with no clear trends favoring one over the other. Since

these parameters are frequency dependent, this would indicate

that correlation over longer time periods tends to smooth the

resulting data by eliminating frequency differences between the

linearized and the non-linearized signals. When transformini to

the spatial scales, the difference between the linearizeJ

result and the non-linearized result tend to increase somewnat

as the sensor is moved outside the mixing region. Small

differences in the calculated local velocities outside the

mixing region tend to magnify differences in calculations using

Taylor's hypothesis.
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VI. Conclusions

Experimental measurement of turbulence parameters is of

great interest in the study of fluid flows, since the great

majority of these flows are turbulent. Hot wire and hot film

anemometry has been found to be an excellent instrument for the

study of turbulence. However, to really get meaninqful results,

many data points throughout each flow field must be

investigated. Therefore, the integration of an automatic data

acquisition system into tne collection, analysis, and

interoretation of turbulence parameters was develocei. The

following 2onclusions are drawn from the results of this study:

1. The automatic data acquisition system provides for

real-time, on-line determination of turbulence parameters using

information provided by not wire anemometry. Results can be

available for analysis and evaluation much more raoidly than

possible with the present system.

2. The automatic data acquisition syste7 also orovides for

fast, accurate calibration of hot wire and hot film sensors.

The resulting calibration curves can be used eitner with the

data acquisition system to analyze data, or they can be usei

wnen taking data manually.

3. Use of the automatic data acquisition system decreased

the time the sensors had to be exposed to the flow field, which

materially reduces sensor aging, or accumulation of dirt, and

random sensor breakage. J

4. Comparison of turbulence parameters calculated fror

linearized hot wire and hot film sensors with those calculated
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from the non-linearized signals snow linearization to be an

effective tool for use when determining turbulence intensitv,

especially when using X-wire sensors in a flow cnaracterizec. i

relatively high turoulence levels, that is, turbulence

intensities above aonroximately 10%. v-nen used in calculatini

velocities and, in conjuction witn tne corr-lator, to fin. tilt:

microscales and integral scales, linearization does not orovi.

any additional smoothin] of the resultant curves.

5. A fourth order oolynomial curve fit to tre calibratior.

data points results in a coefficient matrix of only five totrs,

wnicn is easily input to any program usin. that oarticjiar

sensor, and materially reiuces the comouter space an.i ti~c

required over that necessary if the calibration Jata i3 storei

as a "look-uD" table.
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V I I Re commend at ions

The followini~ ,re recommendations tor future stuo y:

1. A study makinj use of the tech~niq'ues developed bL-y

Robinson (Ref 9:24-27) snould make use of the data accquisiti,)n

system to control stepper motors nositiuning the sensors t7ciir-'

the free jet facility, in addition to collectin.i Jata. !Adc:ition

of position encoders to accurately determine sensor location

would then orovioe a comoletely autoi-ateJ systeir. for anyi Luture-

in ve Ct 1 ga t ion s.

2. A raerforatea olate mointed behind the frco let to

qcnerate turbulence sno-uld be studied. i'ne intc-iral Z.Ief:c 01.

turoulence behinj suon a olate snouli! be ttic size of tV,,e :.cio-

iE the -,late. vnis stuuy wouldl orove a furtnor cneck or- tic.

accjracy or rotr t!r.c anem O:-etrv and tne dataacji1is

3. -' stL2J,' usin-i tnis aoaratus ;cnci heatinj t:-, flo .

siic-id te cor.,uuLct:.., to detcrminec wnat corrections n Ec' to 1Vt

rade tc censor cali!hru3tions when the calibratior. ornot

acco7-,li:-.j at tin, sa,-o te::oeratur, - the fi3" r icli] coin

irvestiliatcl

5. A\ rtu:'v could be madie usinj a laser vec2-trto

determine the intcrference ieneratcel by the senF-or anc. oDrohec

suonort on the flow. Phizs intorcrution would be usotul in

analizin; errors in data cillected by hot wire an,--,rctrv.

6. Usinj tne techni~jues~ Udevelooci in this study, a lesz

turtoulent flow snoilk be analyzed, aliain coT-oarinj linvarizedl

and non-linearized si-Inals to determine lifferencoS.
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7. A pressure transducer could be used to monitor ct.a7ber

pressure and, along with a tnermocounle, would orovide a

continuous check on chamber conditions. A range of allowable

temperatures and pressures could be input to the computer, anuI

the automatic data acquisition system could then alert tne

operator to any variations outside these limits.

8. The autormatic data acquisition system could be

configured to control and operate a pressure reaulator valve,

both for controlling pressure in the calming cnamrer durini

calibration, and controllinc oressure in the free jet calmin;

chamber during data acquisition.

9. Addition of a seoerate comwuter subroutine tc sketci

the flow field, test section, and sensor location woul:; :rovijc

the operator with a visual clieck of the test olare-, allcxini

more tnorou'jh investigation or areas of carticular intereat.
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Appendix A

Computerized Calibration of Hot-wire Anemometers

One ot the objectives of this study was to develop a

tecnnique for calibrating hot wire and hot film sensors using

the automatic data acquisition system. Previous calibration

techniques tended to be time consuming, as calibration data nai

to be either plotted by hand, or manually entered into a

central site computer for calculations. Basic instructions for

sensor calibration are found in the TSI operating manual (Ref.

13:2-7).

Equipment Setup

The calibration points were obtained by exposing the

sensor to a controlled flow field using the rSI Model 1125

Calibrator. The pressures in the calibrator stillinq chamber

were determined using two pressure transducers. Voltage outnut

from each transducer was fed directly through the scanner into

the automatic data acquisition system. Anemometer signals fro.

the bridge and signals from the linearizer were also sent

directly to the data acquisition system. Figure 9 shows the

equipment setup schematic for sensor calibration.

Calibration

The first step in the calibration program is to determine

the equations for the response of the pressure transducers.

Through many runs, it was determined that the transducer

response was linear and remained constant over long periods.

Because of this linearity, three points for each transducer are

all that are necessary to determine the needed coefficients.

40

- ---- H



The zero flow point, a pressure of about 2.5 in. of water, and

a point oL about 1.2 in. of water were found to work best for

the .5 psi transducer. In tnis range, air is essentially

incompressible, and Bernoulli's equation is valid, so that

V = (2*g*h)^.5 (4)

where n is the chai;er pressure in inches of water. Therefore,

in this area of the calibration curve, sm 11 chanqes in

pressure cause large changes in velocity, and extra care must

be exercised during calibration. This is also the reason for

choosing to use the micromanometer an] a second transducer to

measure pressures in this region. For the 25 psi transducer,

inputs of approximately 2.5 in. of water, a oressure near thc

pressure required to obtain the hiqnest anticioatea velocity,

and a pressure approximately midway between the two, gave the

best results. Typical computer output for the 25 psi transducer

is shown in Fig 10.

After the transducers are calibrated, the calibration

points for the non-linear sensor calibration can be obtainel.

The zero flow point is input first, then points in increasini

velocity to the maximum required. The best results were

obtained by inputing 20 data points at approximately equal

increments of bridge voltage. The calibration points are

plotted by the computer, with hard copy available from the

internal thermal printer. Figure 11 shows the comouter outnut

for a typical hot film sensor. A least squares tecnnique is
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then used to tit a fourtn order polynomial to the calioratio:.

points to determine tne equation for the calibration curve,

which solves for velocity given voltages from the anemrometer. A

typical curve fit is illustrated in Fi9 12 for a not tiln

sensor.

The least sauares routine provides five coerficients fcr

the fourth order polynomial curve fit. In general, tnese

coefficients are too large to be set in the TSI >Iodel 1052

Linearizers. Also, tne linearizers have only four a:justar)le

potentiometers, therefore, tie coefficients must oe normalizes

sucn that the constant term is aooroximately zero. inis is

accomplished by neavily weightini tne zero flow coint in tnc

computer orogram, and by normalizing tne remainin.a foir

coefficients to the bricge voltaqe at zero flow and to tni:

maximum flow velocity inout during tne calibration. i[c

calibration orogras handles these problems by incorDoratinj i

3ASIC program outlined v PSI to comeute the required

normalized coefficients. inese coefficients are printed ty tnc

computer's internal printer, alonq with an analysis of tieir

accuracy.

Tne comouter then nalts the Drogrami w!iile tne user ste

the coefficients into the linearizer. ,Vnen set, tne oroqrar is

continued, and the calibration is run again. Phis tige, tne

linearized signals are real and stored, and a linear curve is

fit to the calibration points. This provides a check on tiic

accuracy of the linearizer, and orovides the coefficients for

tne linearizer curve to te stored. 1yoical results are snown in
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Fiq 13. Finally, tne voltages an-i velocitie useJ to o')tain

both sets of calibration curves, a5 d,.ll a: tiie cirrez-,on-iini

coetficients, are printed out. Figure 14 siiows the result.
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appendix

Experimnntal Data for Jet Exit Velocity of M=0.4
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Pppendix C

Experimental Data for Jet Exit velocity of N=Fo .6
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